As advanced linear plasma sources, cascaded arc plasma devices have been used to generate steady plasma with high electron density, high particle flux and low electron temperature. To measure electron density and electron temperature of the plasma device accurately, a laser Thomson scattering (LTS) system, which is generally recognized as the most precise plasma diagnostic method, has been established in our lab in Dalian University of Technology. The electron density has been measured successfully in the region of 4.5×10 19 m −3 to 7.1×10 20 m −3 and electron temperature in the region of 0.18 eV to 0.58 eV. For comparison, an optical emission spectroscopy (OES) system was established as well. The results showed that the electron excitation temperature (configuration temperature) measured by OES is significantly higher than the electron temperature (kinetic electron temperature) measured by LTS by up to 40% in the given discharge conditions. The results indicate that the cascaded arc plasma is recombining plasma and it is not in local thermodynamic equilibrium (LTE). This leads to significant error using OES when characterizing the electron temperature in a non-LTE plasma.
Introduction
Both in laboratory and industry fields, cascaded arc plasma sources have wide applications such as assisting in chemical vapor deposition, spraying and material surface modification [1] [2] [3] . Cascaded arc plasma sources have been successfully used in linear plasma simulators, such as Magnum-PSI, which is the largest linear plasma generator in the world, to generate plasma with parameters similar to those in the ITER divertor region to study plasma-wall interaction (PWI) [4] [5] [6] . Therefore, it becomes very important to measure the plasma parameters accurately, like electron density (n e ) and electron temperature (T e ), in order to study PWI.
There are several common diagnostic methods that can be used in n e and T e diagnosis. A Langmuir probe is often employed to obtain the plasma parameters [7] . A voltage is applied on the probe which is immersed in the plasma and a current is drawn. From the probe, a V-I curve is obtained and the electron density and temperature can be determined according to the V-I curve. However, as mentioned above, the probe needs to be stuck into the plasma, and this makes it an intrusive method that disturbs the plasma conditions [8] . In contrast, optical emission spectroscopy (OES) can be used as a plasma diagnostic method that does not disturb the plasma, since it only collects the light emitted by the plasma to obtain the plasma parameters. This also makes OES a popular approach for plasma diagnosis. In addition, the experimental setup of OES is very simple and inexpensive because it only needs a diagnostic viewport and a relative intensity-calibrated spectroscopic system [9] . However, if the plasma deviates seriously from the local thermodynamic equilibrium (LTE), the OES diagnostic method will not work well and will give very large errors. As a precise diagnostic technique, laser Thomson scattering (LTS) allows one to obtain n e and T e accurately without any prior assumption on the state of the plasma [10] . In addition, LTS has high spatial resolution which is approximately 60 μm [11] and temporal resolution down to 0.3 ns which is determined by laser pulse length or the gating of the detecting system [12] . Meanwhile, LTS can measure the parameters, both n e and T e , simultaneously.
In 1990, Qing [13] carried out a Thomson scattering (TS) and line intensity experiment on a magnetized expanding cascaded arc argon plasma. He spatially resolved measured the electron density, electron temperature and excited state densities for the conditions of discharge current, magnetic field, gas flow and background pressure. In 1992, van de Sanden et al [14] used a combined Thomson-Rayleigh scattering method to measure the electron density and electron temperature of cascaded arc plasma with/without magnetic field. The dynamic range for the electron density was 7×10 17 In our work, an LTS system and an OES system were built to diagnose the low pressure Ar cascaded arc plasma. We used LTS to measure the electron density and electron temperature, and OES to determine the electron excitation temperature in different plasma conditions including discharge current, gas flow rate and background pressure. Different from the works mentioned above, all of which neglecting to measure the electron excitation temperature, we compared the results for electron temperature with electron excitation temperature to judge whether the plasma is in LTE.
Theory of LTS and OES

Theory of LTS
Compared to Rayleigh scattering (RS) from the electrons bound to heavy particles, TS is the elastic scattering of photons by free electrons with a shift in wavelength depending on the velocity of the particle, the scattering vector and observation angle [18] . Due to much lighter mass, free electrons have higher velocity than atoms and ions, which leads to a spectrum with a much wider Doppler broadening than RS. An example of a simulated scattering spectrum is shown in figure 1 [19] . Stray light caused by the reflection of a laser by the chamber wall and windows can be suppressed by a series of methods, such as Brewster windows and special baffles. When the stray light is not excessively large, it can be measured separately and subtracted from the whole scattering spectrum.
From the scattering spectrum, as figure 1 shows, electron density and temperature can be deduced easily. For laser scattering, in general, the scattered power P d i S per unit of wavelength by a species i in the plasma is given by [20] 
where P 0 is the incident laser power, n i is the number density of scattering particles i, f is a constant factor about the detection system, L det is the length of the detection volume along the laser beam, dσ i /dΩ is the differential scattering cross section and ΔΩ is the solid angle. The factor l l ( ) S i is called the scattering form factor which describes the scattered spectral distribution as a function of λ and it is normalized
If we integrate the spectrum, the total scattered power is given by
To obtain the electron density, we measured simultaneously the RS signal to calibrate the TS signal. For TS and RS, they have the same detective configuration which means that they have the same L det , ΔΩ and f. So the electron density is given by
where n a is the number density of atoms, P S T is TS power, P S R is RS power, dσ TS /dΩ is TS differential scattering cross section and dσ RS /dΩ is RS differential scattering cross section.
For the given electron density and electron temperature, TS can be divided into incoherent scattering in which scattered power is only the sum of the individual electron contributions and coherent scattering in which scattered power includes individual electron contributions as well as the collective contributions between electrons. The scattering parameter, α, is employed to define whether incoherent scattering or coherent scattering is observed. It is given by [18] 
where k is the magnitude of the scattering vector k, and λ D is the Debye radius. The scattering parameter is given by
where λ 0 is the incident laser wavelength, θ scattering angle, e the electron charge and k B the Boltzmann constant. Values of α=1 represent coherent scattering and α?1 represents incoherent scattering [18] . In the case of incoherent scattering, the TS spectrum is directly related to the free electron velocity distribution function. When the electron velocity distribution function is Maxwellian, the TS spectrum is Gaussian in shape and the half-width Δλ 1/e (nm) represents electron temperature by [20] where m e is electron mass.
In the case of a perpendicular scattering geometry θ=90°and wavelength λ 0 =532 nm, equation
Theory of OES
Compared to LTS which is an active diagnostic method, OES is a passive approach. When the bound electrons in the plasma in the upper level p jump to the lower level q, photons with frequency ν will be emitted, and are represented by the equation ΔE pq =E p -E q =hν in which ΔE pq is the energy gap between the levels p and q, and h is the Planck constant. These photons with different frequency (namely light) are collected by the lenses or fibers and then transferred to a spectrometer. The light is dispersed by the spectrometer and imaged on the detector to form the spectrum. Some parameters can be obtained via analyzing this spectrum. In our work, OES is utilized to determine the electron excitation temperature. The electron excitation temperature (T exc ) can be determined by the Boltzmann-plot method, which employs the relative intensity of two or more spectral lines using the following equation [21] :
where I pq is the light intensity of emission, λ pq is the wavelength, g p is the statistical weight of the up-level p, A pq is the transition probability, E p is the energy of level p and C is a constant. Plotting equation (8) 
Experimental setup
The DC cascaded arc plasma source was similar to the source that was used in the Magnum-PSI device [4] . Three copper cascaded plates with a hole in the center were mounted between a tungsten cathode and a ring-like anode. All these electrodes were cooled by water and electrically insulated from each other. For the electrical insulation and vacuum seal, teflon rings, O-rings and boron-nitride (BN) spacers were placed among the cathode, the copper plates and the ring-like anode. The whole source was fixed on a flange connected to a vacuum chamber. A Roots vacuum pump, backed by a mechanical pump, was used to maintain a low pressure condition inside the chamber. A butterfly valve was employed to adjust the pumping speed for changing the background pressure in the chamber. Ar gas with purity of 99.999% was used as the work gas and its flow rate was adjusted from 1.4 slm to 5.6 slm via a mass flowmeter. All these systems mentioned built up a linear plasma simulator called DUT-PSI. A schematic diagram of LTS and OSE diagnostic systems is shown in figure 3 . In the LTS approach, a frequency doubled Nd:YAG laser (Quanta Ray Lab-170) with a wavelength of λ 0 =532 nm, pulse duration ∼10 ns, repetition of 30 Hz and the maximum pulse energy of 325 mJ was used. Four high reflectivity mirrors were applied to guide the laser beam and a lens with f=1000 mm focused the laser in a diameter about 1 mm in the plasma measuring region. To reduce stray light, a pair of Brewster windows was mounted in the laser input and output arms. A few special baffles were employed to decrease the stray light from the chamber wall and windows. A laser dump was utilized to stop the laser and avoid reflecting the laser. The collection system for the TS signal consisted of two lens (focus length f 1 =300 mm, f 2 =800 mm and diameter Φ 1 =130 mm, Φ 2 =100 mm, respectively), a linear optical fiber bunch (10 m length, 4 mm input height) whose numerical aperture was about 0.22, a spectrometer with Czerny-Turner configuration (Andor Shamrock 750 with three gratings of 150 l mm −1 , 1200 l mm −1 and 2400 l mm −1 ) and an intensified charged coupled device (ICCD) camera (Andor iStar 340T series). The fiber bunch consisted of 19 fibers and these fibers were arranged in an array of 19×1. In our experiment, we combined the charge from each column of pixels to integrate the signal collected by the 19 fibers to improve the intensity of the TS signal. For this collective configuration, the solid angle ΔΩ was about 0.039 sr and the lateral magnification was about 0.83, which implied that the object was 1.2 times that of the image. The ICCD camera was used to intensify and accumulate the scattering signals. Different from other groups who applied a pair of achromatic doublet lenses [20, [22] [23] [24] , the fibers were adopted to transfer the signal to the spectrometer in this work. This made the collection system more flexible in space. When the laser was off and plasma on, the detective system could collect the OES light emitted from the plasma. Both of the LTS and OES measurements were carried out ∼150 mm downstream from the source nozzle.
In this paper, RS was employed to calibrate the absolute electron number density. When the plasma was off, the RS signal was measured. When the plasma was on, the measured spectrum (shown in figure 1 ) consisted of RS and TS contributions. In addition, the measurement of stray light was performed in the ultimate pressure of our setup which was about 1 Pa. Using the absolute calibration procedures, TS was extracted from contributions of RS as well as the stray light background. Then, electron density and electron temperature were obtained according to equations (3) and (6). Figure 4 shows that V-I features of the cascaded arc plasma in the different discharge conditions. The voltage values between the cathode and anode increase almost linearly with the increase of discharge current, which indicates that the power injected into the plasma increases. In addition, the power also increases with increasing gas flow rate ( figure 4(a) ). But the voltage only slightly varies at different background pressures.
Results and discussion
V-I character of the cascaded arc plasma source
LTS measurement results
In the different plasma conditions, the measured laser scattering spectra are shown in figure 5 . All of the spectra were subtracted from the stray light background. Therefore, the observed spectra consist of both RS and TS. From figure 5 , it can be seen that the wide wings in the bottom of the spectra are mainly from contribution of TS and the narrow features at the top are dominated by RS signals. Figure 6 (a) shows that the LTS spectra without RS and stray light in the given plasma conditions. All of these spectral profiles are Gaussian in shape. Figure 6(b) shows the function between the logarithm of LTS signal intensity (lnP (δλ)) and the wavelength shift from incident laser wavelength. It is clearly seen that lnP(δλ) has a linear relation with the square of wavelength shift, δλ 2 . As mentioned in [25] , the LTS spectrum is directly related to the velocity and energy distributions of the scattered electrons. When the electron energy distribution function (EEDF) has a Maxwellian distribution, the scattered spectrum will be Gaussian in shape which has been confirmed in figure 6(a) . A Maxwellian distribution will lead to [26] 
where D is a proportionality constant, c is the speed of light and λ 0 is the laser wavelength. In the case of a Maxwellian distribution, a plot of lnP(δλ) versus δλ 2 will give a linear trend with the slope equal to the negative reciprocal of T e shown in figure 6(b) . Nevertheless, in the high energy range, noise obscures the signal seriously and the relation cannot be given clearly. Therefore, the EEDF obeys Maxwellian distribution in the low energy range and equation (7) can be used to calculate the electron temperature directly. Figure 7 shows the measured electron density and temperature as a function of the discharge current. The results show that the typical electron density is in the order of 10 20 m −3 and temperature is about 0.35-0.55 eV. These values agree with those reported in the literature [14] . It can be seen that when the discharge current increases, both the electron density and temperature increase. The reason is that the increase of the discharge current makes the discharge power increase linearly (shown in figure 4 ). When the discharge power increases, the electrons in the plasma can get more energy and make the process of ionization increase. This leads to both the electron temperature and density increasing with increasing discharge current. Figure 8 shows the electron density (a) and electron temperature (b) as a function of gas flow rates measured by LTS at discharge currents of 110 A and 130 A as well as background pressure of 500 Pa. It is clearly seen that both the electron density and temperature increase when the gas flow rate and discharge current become large; a result confirmed in [27] . Because the voltage between the cathode and anode increases with increasing gas flow rate, the electric field, E, in the cascaded arc plasma source is enhanced. The enhanced electric field makes the resistive heating power per unit volume ( )
where j is the current density. The increased resistive heating power makes the electron obtain more energy and the ionization process induced by the electron becomes intense so that both T e and n e increase in the cascaded arc source. Hence, this leads to T e and n e in the downstream plasma increasing, since no additional power is coupled into the passive downstream plasma.
Figures 9(a) and (b) show electron density and electron temperature at different background pressures when the discharge currents were 110 A and 130 A at a gas flow rate of 2.8 slm. The electron density and temperature increase with the increase of background pressure as well as discharge current. The phenomena are similar to the results reported in [27, 28] . When the background pressure increases, the radius of the plasma beam, r, becomes small [29] , which was observed in our experiment as well. Therefore, the volume of the plasma beam decreased. This leads to electron density increasing in the high background pressure. In the relaxation region of the cascaded arc plasma, three-body recombination ( + +  + + e e A e A , p where A + refers to an ion and A p refers to an atom in p level) plays a dominant role as a heat source in the electron energy balance and it supplies energy to the electrons [28, 29] . It can be clearly seen that the reaction of three-body recombination becomes strong with the increase of electron density. Consequently, electron temperature increases via the three-body recombination reaction.
Comparison of electron temperature
Figure 10(a) shows the relationship between the electron temperature (kinetic electron temperature T e ) measured by LTS and electron excitation temperature (T exc ) that was also called configuration temperature [30] measured by OES with the discharge current at the different background pressures. It is clearly seen that both T e and T exc increase with the increase of discharge current, but T exc is always higher than T e . The departure between T e and T exc indicates that the plasma deviates seriously from LTE. However, T exc gradually approaches T e with increasing discharge current, which implies that the plasma moves closer to LTE gradually. In addition, at high discharge current, the difference ΔT between T e and T exc , which can be described by defining ΔT=T exc -T e , decreases gradually with the increase of background pressure. This also indicates that the plasma approaches LTE.
To understand the physical mechanism behind the observed phenomena, a dimensionless quantity b p is introduced to determine the deviation from LTE and it is given by [31, 32] ionizing plasma, the recombining plasma and the complete LTE plasma, respectively, where g represents the ground state.
Meulenbroeks et al [33] measured the value of b p of several Ar atomic excited states in an expanding pure Ar cascaded arc plasma when the current was 45 A, background pressure 40 Pa and Ar gas flow rate 3.5 slm. Their results showed that b p <1 holds for the lower excited states, such as 4p, 4d, 6s. Hence, it is reasonable that the relationship of b g <1 could be deduced in our experiment since the plasma condition of our work was similar to that in Meulenbroeks et al's work. So, the plasma beam in the downstream belongs to the recombining system.
For the recombining plasma, the measured electron excitation temperature is higher than the actual electron temperature shown in figure 10 . In addition, the levels are underpopulated with respect to Saha values in recombining plasma [32, 34] .
It is well known that the Saha balance governs the production and destruction of free electrons [30] :
e A e e. 11 p For recombining plasma, b p is smaller than unity so that three-body recombination to the p level exceeds ionization from this level. This means that the three-body recombination reaction from right to left in equation (11) is dominant when the discharge current and electron density increase. Threebody recombination makes the population of the p level gradually increase and draw closer to the Saha value. Therefore, the electron excitation temperature approaches the electron temperature when the discharge current increases. Similarly, the increase of the background pressure resulting in the increase of electron density makes the three-body recombination become strong so that ΔT decreases and the plasma closes to LTE.
Conclusion
In this work, we have established an approach to LTS diagnosis and measured T e and n e of a cascaded arc plasma. The results indicate that the EEDF of the plasma is a Maxwellian distribution. The electron density was measured in the region of 4.5×10 19 m −3 to 7.1×10 20 m −3 and electron temperature in the region of 0.18 eV to 0.58 eV. In addition, we investigated the electron excitation temperature (T exc ) measured by OES via the Boltzmann-plot method. The results demonstrate that in the given conditions, T exc is much higher than T e by up to 40%. This indicates that the plasma deviates from LTE. With the increase of electron density, three-body recombination becomes strong and makes the density of the underpopulated excited levels increase to gradually approach the density in Saha balance. Therefore, the difference between T exc and T e becomes small when the discharge current and the background pressure increase, both of which make the electron density increase, and the plasma therefore gradually approaches LTE.
